A novel method is proposed to predict the spectral power distributions (SPDs) of individual emitters in a highpower laser diode (LD) array. The proposed method deconvolutes the SPD of an LD array by taking into account the thermal cross-talk effect as well as the current competition effect. A complete analytical expression to deconvolute the SPD of an LD array is described. The expression contains four key parameters that are to be measured experimentally: (1) the normalized SPD of the central emitter, (2) the temperature coefficient of wavelength, (3) the current competition constant, and (4) the maximum power of the center emitter. The method is implemented with a commercial water-cooled high-power LD array. The SPD of the LD array predicted from the SPDs of individual emitters are compared with the experimentally measured SPD of the LD array. The results show excellent agreement in both shape and magnitude, which corroborates the validity of the proposed method.
INTRODUCTION
A high-power laser diode (LD) array is a complex system comprising an array of single emitters, which share a common substrate and heat sink [1] [2] [3] . A typical LD array of 10 mm length contains 10-60 emitters with fill factors from 10% to 90%. The lateral heat spreading in an LD array causes the thermal cross-talk effect between emitters, and thus, the junction temperature distribution typically has a large variation [4] [5] [6] . In addition, hotter emitters in an LD array take a larger share of the total array current and emit more optical power. The effect is known as "current competition," which causes nonuniform power distribution [7, 8] . Consequently, the spectral power distributions (SPDs) of individual emitters would have significant variations.
The SPDs of an LD array with nonuniform temperature and power distributions are illustrated in Fig. 1 , where SPD Array , SPD 1 , and SPD 4 represent the SPDs of an LD array, the edge emitter, and the center emitter, respectively. The junction temperature of the center emitter is always higher compared to the edge emitter. As a result, the SPD of the center emitter (SPD 4 ) would have the maximum power and the longest wavelength, while the SPD of the edge emitter (SPD 1 ) would have the lowest power and the shortest wavelength.
The SPD of an LD array can be readily measured by a spectrometer connected with a cosine corrector. The SPDs of individual emitters can also be measured by placing a beam baffle in front of the array. In practice, however, the distance between the beam baffle and the LD array has to be extremely small because of the small pitch between adjacent emitters and the large beam divergence of the LD array. The optical feedback from the beam baffle at such a close distance can cause degradation or even catastrophic optical mirror damage of the emitters [9, 10] . This will become increasingly challenging as the number of emitters in LD bars increases together with fill factors in the future. Direct measurement of each emitter would be even impractical for these LD bars if advanced cooling solutions, such as two-phase cooling and cryogenic cooling, were employed.
The objective of this paper is to propose a novel method to predict the SPDs of individual emitters from simpler measurement data. The accurate prediction is achieved by deconvoluting the SPD of an LD array while taking into account the thermal cross-talk effect as well as the current competition effect. A complete analytical description of the proposed method is described in Section 2. The implementation of the proposed method using a commercial LD array is presented in Section 3. Applications of the SPD deconvolution are presented in Section 4.
where SPD i λ is the SPD of the ith emitter and N is the number of emitters. Figure 2 illustrates schematically the SPD of a single emitter in an LD array. The maximum power and the full width at halfmaximum (FWHM) of the ith emitter are denoted as P i max and W i , respectively, and λ i c is the central wavelength of the ith emitter, which is defined as the wavelength satisfying the condition that Δλ L is equal to Δλ R at P i max ∕2. In a typical LD array, an emitter located at the center of an LD array (referred to as a "center emitter") has the highest junction temperature. Its normalized SPD can be defined as
where SPD center λ is the SPD of the center emitter normalized by the maximum power of the center emitter spectrum, P center max . The SPD of the center emitter is asymmetric because the profile of the gain spectrum is not symmetric [11] . The asymmetric SPD can be expressed using multiple Gaussian functions [12, 13] :
where k is the number of Gaussian functions, A j is the normalized amplitude of the jth Gaussian function, Λ j is the central wavelength of the jth Gaussian function, and w j is proportional to the FWHM (W j ) of the jth Gaussian function, which is defined as
The junction temperature of each emitter varies within an LD array. It has been known that the central wavelength of the SPD changes linearly with the temperature [11] . As the junction temperature increases, the bandgap energy decreases, and the refractive index and cavity length increase. The bandgap energy reduction is the dominant factor causing the central wavelength shift. The relationship between the central wavelength shift and the junction temperature then can be expressed as
where λ i c and λ
are the central wavelengths of the ith emitter and the center emitter, respectively, T i and T center are the junction temperatures of the ith emitter and the center emitter, respectively, and a is the temperature coefficient of wavelength that can be determined experimentally.
As described in Refs. [7, 8] , the maximum power of each emitter changes with temperature by the effect known as "current competition." The emitters that turn on earlier take a larger share of the total array current and emit more power because hotter emitters in an LD array have a reduced bandgap energy and thus a lower threshold current.
Based on the theoretical and experimental results by Bull et al. [7, 8] , the effect of current competition can be described approximately by an exponential function. The maximum powers of the ith emitter and the center emitter then can be expressed as
where B and C are constants. By combining Eqs. (6) and (7), the maximum power of the ith emitter normalized by P center max can be described as
The constant, B, will be referred to as the current competition constant that can be determined experimentally.
It was reported that the shape of the normalized gain spectrum profile remains virtually the same regardless of junction temperatures [14] . This implies that the FWHM of the normalized single emitter SPD will not be altered by the junction temperature variations with an LD array. Using Eqs. (3) and (5), the SPD of the ith emitter then can be expressed as 
Using Eqs. (8) and (9),
IMPLEMENTATION
In order to predict the SPDs of individual emitters of an LD array using Eq. (10), four key parameters have to be determined experimentally: (1) the normalized SPD of the center emitter, (2) the temperature coefficient of wavelength, a, (3) the current competition constant, B, and (4) the maximum power of the center emitter, P center max . The junction temperature distribution of the array is required to determine the four parameters. The hybrid experimental/numerical method proposed previously by the authors [6] is employed to determine the required junction temperature distribution. Detailed procedures to determine the four parameters are presented in Sections 3.C to 3.F, respectively, after describing the testing apparatus and the hybrid method for the junction temperature measurement in the first two sections.
A. Device and Measurement Apparatus
The commercial 930 nm LD array (E11.4N-940.10-150C-SO13.1: DILAS) used in the study consists of 23 identical emitters. The width of each emitter is 200 μm and the pitch between adjacent emitters is 400 μm (a fill factor of 50%). The maximum optical power at 160 A is 160 W. The LD chip is epi-down bonded on a CuW submount using AuSn die attach. The CuW submount [coefficient of thermal expansion (CTE): 6.5 ppm/°C] is placed between the GaAs chip (6.4 ppm/°C) and the copper microchannel heat sink (16.6 ppm/°C) to reduce the mismatch in the CTE [15, 16] .
A test apparatus to measure the SPD of the central emitter is illustrated in Fig. 3 . The power supply (LDX-36125-12: ILX Lightwave) applies the operating current with a nominal accuracy of 0.1%. The spectrometer (AvaSpec-3648) connected with a cosine corrector measures the spectrum. The wavelength range of the spectrometer is from 200 to 1100 nm, and the resolution is 0.025 nm. The chiller (ISOTEMP I 115V/ 60HZ PD-1: Fisher Scientific) regulates the inlet water temperature with a temperature stability of 0.1°C. The flow meter (FLDW3211G: OMEGA Engineering) controls the flow rate from 0 to 500 mL/min.
When only the SPD of the center emitter is to be measured, the beam baffle is placed between the LD array and the cosine corrector. The baffle is made of graphite to minimize the optical feedback while dissipating the heat generated by the light beam effectively.
In order to measure the absolute optical power, the cosine corrector and the spectrometer are replaced with the optical power sensor (USB-PM-150-50: Coherent Laser Group). The power supply, the DAQ (USB-6212: National Instruments), and the optical power sensor are integrated into a LabVIEW program.
B. Determination of Junction Temperature Distribution
The hybrid experimental/numerical method [6] was developed to determine the junction temperature distribution within a high-power LD array. With the method, the forward voltage method is first implemented in a unique experimental setup to measure the average junction temperatures of the LD array. After measuring the heat dissipation of the LD array, the effective heat transfer coefficients of the cooling system at different flow rates are determined inversely from the numerical simulation using the measured average junction temperature and the heat dissipation. The characterized effective heat transfer coefficients at different flow rates are used to predict the junction temperature distribution over the LD array at different inlet water temperatures. More details about the method can be found in Ref. [6] .
The numerical model (ANSYS Icepak 17.2) used in the analysis is shown in Fig. 4 . The values of thermal conductivity of GaAs, CuW submount, and AuSn solder are 54, 209, and 58 W∕m · K, respectively [17] [18] [19] [20] [21] . The ambient temperature was set to be 20°C. The effective heat transfer coefficients for natural convection [5 W∕m 2 · K] and radiation (GaAs emissivity of 0.62) were set on the top and the sides of the model, although they had negligible effects on the junction temperature [22] . The effective heat transfer coefficient of the watercooled microchannel was assumed uniform on the bottom of the CuW submount.
The heat generated from the active region of the LD was applied uniformly on the emitters in the LD array, and the effective heat transfer coefficient was calculated using the iterative method. The forward voltage, optical power, heat dissipation, average junction temperatures, and calculated effective heat transfer coefficients at different flow rates (100, 200, 300, 400, and 500 mL/min) are summarized in Table 1 . Using the effective heat transfer coefficients and heat dissipation, the temperature distributions of the LD array at different flow rates were predicted. A representative steady-state temperature distribution of the LD array is shown in Fig. 5 , where I f 80 A, h 80; 500 W∕m 2 ⋅K, and T inlet 20°C. The maximum temperature occurred at the front facet of the center emitter. The junction temperature decreased toward the edge emitter and the rear facet due to the heat spreading effect of the CuW submount.
The simulated average junction temperature of each emitter at different heat transfer coefficients is shown in Fig. 6 , where the left half of the LD array is shown due to the symmetry of the LD array. The junction temperatures remain nearly unchanged in the center of the LD array but rapidly decrease toward the edge emitters. As expected, the temperature variation between the center emitter and the edge emitter increases with the low heat transfer coefficient.
C. Determination of Normalized SPD of the Center Emitter
Considering the beam divergence along slow axis (10°) and the high fill factor (50%) of the commercial LD array, the beam baffle width and the distance between the beam baffle and the LD array should be smaller than 0.36 and 0.90 mm, respectively ( Fig. 7) , which poses implementation difficulties. In order to cope with the problem, a larger baffle width of 1.5 mm was used in the actual experiments, which averaged three emitters in the middle of the array. The larger baffle width was rationalized by the fact that a few emitters in the middle of the array were known to have a virtually identical junction temperature [6] . Two supplementary experiments were conducted to confirm the rationale.
In the first experiment, two baffle widths of 1.5 and 3 mm were used to record three and seven emitters in the middle, respectively. The normalized SPDs under a forward current (I f ) of 80 A, a flow rate (f ) of 500 mL/min, and an inlet water temperature (T inlet ) of 20°C are compared in Fig. 8(a) . The normalized SPDs are nearly identical, which clearly indicates that even seven emitters in the center have virtually the same SPDs considering the measurement uncertainty. Accordingly, it is reasonable to conclude that the SPD obtained from three center emitters represents the normalized SPD of the center emitter.
In the second experiment, the baffle width was fixed to be 1.5 mm and the normalized SPDs of three center emitters were measured at different cooling conditions. The normalized SPD of three center emitters at two conditions are compared in Fig. 8(b) : flow rates and inlet water temperatures of (1) 300 mL/min and 10°C and (2) 500 mL/min and 20°C. 
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The FWHMs of the SPDs under the above cooling conditions were determined from the SPDs. Both SPDs have the identical FWHM of 1.3 nm, which indicates that the spectrum width of the center emitters remains unchanged regardless of temperatures. The result confirms the fact that the shape of the normalized gain spectrum profile is not altered by the junction temperature variation within an LD array [14] and thus provides a technical rationale for Eq. (9), i.e., the normalized SPD of each emitter in an LD array can be determined from the normalized SPD of the center emitter.
As mentioned earlier, the SPD of the center emitter is not symmetric, and multiple Gaussian functions are necessary to deconvolute the normalized SPD of the center emitter [12] . Three Gaussian functions were used to fit the normalized SPD of the center emitter in this study. The results are shown in Fig. 9 , where the measured SPD is compared with the Gaussian fitting. Perfect agreement is evident; the R2 value is close to 1. The Gaussian fitting parameters are shown in Table 2 .
D. Temperature Coefficient of Wavelength
The SPDs of three center emitters were measured at various junction temperatures to determine the temperature coefficient of wavelength, a. The normalized SPDs and the corresponding average junction temperatures of the center emitter are shown in Fig. 10(a) , from which the central wavelengths can be obtained.
The central wavelength of the center emitter is plotted as a function of average junction temperature in Fig. 10(b) ; a linear relationship is evident. The temperature coefficient of the wavelength was obtained from Fig. 10(b) using Eq. (5); it was 0.3 nm/K. The spectral redshift caused by the junction temperature has been reported as 0.26-0.28 nm/K [23] [24] [25] and 0.32 nm/K [26] for the LDs central wavelengths of 808 and 980 nm, respectively. The measured value is consistent with the reported values.
E. Determination of the Current Competition Constant
The current competition constant, B, cannot be determined deterministically since Eq. (8) contains two unknowns. The value was determined iteratively. An initial value of B 3.6 was first estimated by fitting the data in Ref. [8] through Eq. (8) . Then, the normalized SPD of each emitter, based on the normalized SPD of the center emitter (assuming P center max 1), was calculated using Eq. (10), and subsequently the normalized SPD of the LD array was calculated using Eq. (1). Finally, a nonlinear regression was performed while adjusting the values of B until the coefficient of determination, R 2 , between the simulated result and the measured normalized SPD of the LD array reached its maximum.
The normalized SPD of the LD array at a heat transfer coefficient of 98; 000 W∕m 2 ⋅K (the operating condition recommended by the LD array manufacturer) with an inlet water temperature of 20°C was measured to determine B. The results from the iteration process are shown in Fig. 11 . The simulated SPDs of each emitter obtained from the initial value of B 3.6 is shown in Fig. 11(a) . The predicted SPDs of the LD array with the initial and final values (B 3.6 and 5.9) are compared with the measured normalized SPDs in Figs. 11(b) and 11(c), respectively. With the correct value of B, the predicted SPD became virtually identical to themeasured SPD.
F. Determination of Maximum Power of the Center Emitter
From Eqs. (1) and (10), the SPD of the LD array can be expressed as Research Article
The integration of SPD Array λ should be equal to the total optical power of the LD array. Therefore, the maximum power of the center emitter, P center max , can be expressed as
where P A is the total optical power of an LD array, which can be measured experimentally. Using the measured optical power of the LD array, the values of P center max under various cooling conditions were calculated using Eq. (12) . The results are summarized in Table 3 . The value of P center max decreases with the increased flow rate, which is attributed to more uniform temperature distributions at higher flow rates. On the other hand, the value of P center max increases with the decreased inlet water temperature due to higher optical powers at lower junction temperatures.
G. Prediction of the Absolute SPDs
Using the parameters determined in the previous sections, the absolute SPDs of all emitters were calculated using Eq. (10) . The results obtained at h 137; 600 W∕m 2 ⋅K and T inlet 200°C are shown in Fig. 12(a) . The seven center emitters (#9, #10, #11 #12, #13, #14, and #15) have a similar SPD (i.e., the maximum amplitude, the central wavelength, and the spectrum width), as expected from the experimental results reported in Section 3.C. The SPD of the edge emitter has a lower amplitude and a shorter wavelength compared with the center emitter. The amplitude of the SPD decreased rapidly toward the edge emitter, which is attributed to the current competition effect. The current competition effect on individual emitters will be discussed further in the next section. The SPD of the LD array at h 137; 600 W∕m 2 ⋅K with T inlet of 20°C was predicted using Eq. (12) . The result is compared with the measured SPD in Fig. 12(b) . The predicted SPD agrees well with the experimental data in both shape and magnitude. The result corroborates the validity of the proposed method.
SPDS OF SINGLE EMITTERS AT DIFFERENT COOLING CONDITIONS: RESULTS AND DISCUSSION
The SPDs of the LD array obtained at various cooling conditions are shown in Fig. 13 . They were measured at h 1 56; 250, h 2 80; 500, h 3 108; 100, h 4 112; 650, and h 5 137; 600 W∕m 2 ⋅K; the corresponding flow rates were 100, 200, 300, 400, and 500 mL/min, respectively. The power reduction, the center wavelength redshift, and the increase in FWHM with smaller heat transfer coefficients are evident.
The measured SPDs of the LD array were deconvoluted by the proposed method to investigate the effect of the heat transfer coefficients on the SPD of individual emitters. The results of four representative emitters (#1, #4, #8, and #12) are shown in Fig. 14 . It is worth noting that the maximum power of the edge emitter at h 1 was the lowest among all edge emitters, but the maximum power of the center emitter at h 1 became the highest of all center emitters. This is attributed to strong coupling between the junction temperature and power distributions.
In order to put this into perspective, the maximum power of each emitter was calculated from Eq. plotted for h 1 , h 2 , and h 5 in Fig. 15 together with the junction temperatures predicted in Section 3. The current competition produces significant power variations in the LD array. , respectively, and the maximum power of Emitter #1 is about 54% of Emitter #12.
As mentioned earlier, the maximum power of Emitter #1 (edge emitter) at h 1 56; 250 W∕m 2 ⋅K is lower than that at h 5 137; 600 W∕m 2 ⋅K. However, the maximum power of the SPD at h 1 56; 250 W∕m 2 ⋅K increases much more quickly toward center emitters compared to the case of h 5 137; 600 W∕m 2 ⋅K. As a result, the maximum power of Emitter #12 (center emitter) at h 1 56; 250 W∕m 2 ⋅K is higher than that at h 5 137; 600 W∕m 2 ⋅K. The results clearly show that the optical power ratio between center and edge emitters becomes larger as the heat transfer coefficient becomes smaller. It is known that the power efficiency reduction of each emitter caused by higher junction temperatures shown in Fig. 15 is not significant [25, 27, 28] . Therefore, the larger ratio at the lower heat transfer coefficient (i.e., the larger temperature variations) is mainly attributed to the current competition. Larger power ratios between emitters are expected, even at high heat transfer coefficients when operating currents much higher than 80 A are used.
The proposed method is applicable to LD arrays with higher fill factors (up to 90%) if the SPD of the center emitters is determined. This method can also be employed to deconvolute the SPD of the LD array at different operating currents. It is important to recall that the SPD profile of the center emitter is altered by the operating currents since the gain spectrum changes with the carrier density [11] . The normalized SPD of the center emitter must be determined at a given operating current for successful deconvolution. Research Article
CONCLUSION
A novel method was proposed to predict the SPDs of individual emitters in high-power LD arrays. The objective was achieved by deconvoluting the SPD of an LD array while taking into account the thermal cross-talk effect as well as the current competition effect. A commercial water-cooled LD array was used to implement the proposed method. The SPDs of individual emitters in the LD array were deconvoluted successfully at different cooling conditions. The results indicated very strong coupling between the junction temperature and power distributions. The comparison between the predicted SPD and the experimentally measured SPD showed an excellent agreement in both shape and magnitude, which corroborated the validity of the proposed method. The proposed method utilizes much simpler measurement data and thus will be ideally suited for LD bars with a larger number of emitters (≈60) and high fill factors (≈90%). The proposed method will also be useful when these LD bars are subjected to advanced cooling solutions, such as two-phase cooling and cryogenic cooling. 
